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ABSTRACT

The photosensitization and survival recovery of cultured EJ
human urinary bladder carcinoma cells containing nonexchange-

able hematoporphyrin derivative (HPD) were studied. Cultures
were incubated at 37Â°Cin growth medium supplemented with

HPD (50 /ig/ml) and 5% fetal bovine serum for 12 h followed by
incubation in HPD-free medium containing 5% fetal bovine serum

for 9 or 18 h. The levels of porphyrin remaining in the cells
(termed the "nonexchangeable" intracellular porphyrin compo

nent) were not significantly different at these times, and as a
result sensitivities to broad-band red light (>580 nm) were also

identical. Shouldered survival curves were obtained in each case,
indicating the ability to accumulate sublethal photodamage.

Recovery from photosensitized damage using a split-dose

technique was examined. Single, attached, asynchronously
growing cells containing nonexchangeable HPD (12 h HPD up
take plus 9 h in porphyrin-free medium) were exposed to red
light (1.2 kJ/sq m) and, after various intervals at 37Â°C in the

dark, a second dose of 1.2 kJ/sq m. Survival rapidly increased
and reached a maximum at about 9 h between light doses.
Analysis of dose-response curves revealed a partial reappear
ance of the curve shoulder (DQ= 0.22 kJ/sq m) and a markedly
reduced curve slope (Â£>0= 0.82 kJ/sq m) for fractionated irradia
tions with a 9-h interval in comparison with graded, single light
exposures (Dq = 0.48 kJ/sq m; D0 = 0.41 kJ/sq m). These
observations suggest that the cells developed an increased
tolerance to photosensitized damage after prior HPD-light treat

ment. No significant change in intracellular HPD levels between
irradiations was detected, indicating that the increased survival
was not due to a loss of sensitizer from inside the cells. These
results demonstrate that EJ cells accumulate and recover from
HPD-sensitized photodamage, analogous to the accumulation

and recovery from sublethal damage (Elkind recovery) in other
mammalian cultures treated with ionizing radiation.

INTRODUCTION

HPD3-sensitized PRT for the management of solid malignant

tumors has been under clinical investigation for several years (4,
6, 8, 10, 12, 17). HPD is preferentially retained within tumor
tissue (9, 14, 24) where it generates cytotoxic agent(s) during
illumination with visible light of the proper wavelength (16, 31).
The mechanism(s) leading to inactivation on both the cellular and
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tissue level remain to be elucidated. However, there are several
lines of evidence that damage to tumor cell membranes (2, 13,
21-23) and possibly tumor microvasculature (19, 29, 30) play a

significant role. Although there have been a number of reports
on the photosensitivity of normal and malignant cells in culture
(for a review, see Ref. 13), these do not answer the question of
whether cells accumulate and recover from photodamage sen
sitized by HPD. In cultures treated with ionizing radiation, the
manifestation of shoulders to survival curves has been taken to
indicate the accumulation of SLD by the cells, while recovery
from that damage is indicated by the reappearance of the survival
curve shoulder following split-dose irradiation (11). A single at

tempt has been made to demonstrate this type of recovery in
HP-sensitized human cancer cells in vitro (27). The authors
reported a decrease in survival with a 2-dose fractionated pho-

toirradiation. Their interpretation was that HP, present in the
external medium, migrated into the cell after the initial photoir
radiation, which resulted in a potentiated sensitivity to the second
light exposure. Recently, a technique has been developed that
allows cultured cells to maintain constant levels of intracellular
porphyrin, even against large concentration gradients (3, 18).
This technical advance has allowed for the reexamination of the
effects of split-dose photoirradiation on survival in vitro. The

results presented in this report show that cultured EJ human
urinary bladder carcinoma cells treated with HPD demonstrate
survival recovery following 2-dose light fractionation.

MATERIALS AND METHODS

Sensitizer. HPD (5 mg Photofrin/ml sterile, 0.9% NaCI solution) was
purchased from Photofrin Medical, Inc., Cheektowaga, NY. [3H]HPD (2.4

Ci/g) was prepared from the HP acetates by catalytic exchange (New
England Nuclear, Boston, MA) followed by basic hydrolysis as described
previously (14). HPD and [3H]HPD were compared by fluorescence and

absorbance spectrophotometry and by high-performance liquid chro-
matography and thin-layer chromatography and were found to be iden
tical. The specific activity of the [3H]HPD solution (tritium activity/absolute

absorbance or relative fluorescence units) was found to be unchanged
since hydrolysis of the original material, circa July 1982.

Cell Culture. EJ, a subline of T-24 (28) which was established from a

human urinary bladder carcinoma, is maintained in this laboratory. A
single clone was isolated and routinely grown in McCoy's Medium 5A,
pH 7.2 to 7.4, supplemented with 5% FBS in a 37Â°Chumidified incubator

(5% COj:95% air). Attached, asynchronous, exponentially growing cells
had a doubling time of 22 h.

Light Source. Irradiations were performed with a bank of 8 fluorescent
bulbs (GE Soft-White, 20 watts/bulb) filtered with 3 layers of standard-
mesh aluminum screen as a neutral density filter and a single ruby-

colored plastic sheet to pass only light at wavelengths above 580 nm.
Approximately 40% of the emitted spectrum occurred between 580 and
680 nm. The spectral distribution was determined with a Bausch and
Lomb grating monochromator coupled to a Scientech Model 362 power
energy meter (Bausch and Lomb, Boulder, CO). The dose rate from this
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SPLIT-DOSE RECOVERY FOLLOWING HPD PLUS LIGHT

source was 4 watts/sq m as measured with a calibrated thermopile (YSI
Kettering Model 65A radiometer; Yellow Springs Instruments, Yellow
Springs, OH).

HPD Uptake and Release. HPD and [3H]HPD were mixed in a 10:1
molar ratio and diluted to 50 /ig/ml in full growth medium (McCoy's

Medium 5A plus 5% FBS). Approximately 2.5 x 105 cells were seeded

into 100-mm-diameter plastic (Falcon Plastics, Oxnard, CA) culture

dishes containing full growth medium. On the following day, the cultures
were incubated at 37Â°Cin medium containing the HPD:[3H]HPD mixture.

At 12 h, the cultures were refed with fresh growth medium and incubated
for 9 to 19 h [referred to as porphyrin "wash-out" conditions (see Ref.

3)]. After this, the medium was removed, and the cultures were washed
3 times with ice-cold Earie's balanced salt solution. The cells were then
detached with a rubber policeman, resuspended in Earie's balanced salt

solution, and divided into aliquots for determination of tritium activity
(Beckman Model LS 8100 liquid scintillation counter) and protein con
centration (26).

In another series of experiments, [3H]HPD levels in the cultured cells

were monitored following photoirradiation. Attached cells were incubated
at 37Â°Cfor 12 h with HPD:[3H]HPD (50 tig/m\), after which the cultures
were refed with porphyrin-free McCoy's Medium 5A containing 5% FBS

and incubated for 9 h in the dark. Cells were then irradiated with red
light (1.2 kJ/sq m), overlaid with fresh growth medium, and reincubated.
The cellular [3H]HPD concentration as a function of incubation time after

irradiation was determined as described above.
Survival Following Single Light Exposures. Stock EJ cells were

detached with trypsin:EDTA and plated in 100-mm-diameter plastic

culture dishes in concentrations necessary to yield approximately 50 to
100 colonies after experimental treatment. The individual cells were
allowed to attach overnight, after which the medium was replaced with
9 ml of fresh medium containing 5% FBS and isotope-free HPD (50 ^g/
ml). The cells were then incubated at 37Â°Cfor 12 h after which the HPD-
containing medium was replaced with fresh McCoy's Medium 5A with

5% FBS. Following 9 or 18 h incubation, the medium was removed, and
the cells were exposed to graded, single doses of red light. The cells
were then refed with full growth medium and incubated for 7 to 10 days
to allow for colony formation.

Survival Following Split-Dose Photoirradiation. In these experi

ments, EJ cells were incubated with HPD (50 ^g/ml) for 12 h and then
fresh growth medium (McCoy's 5A plus 5% FBS) for 9 h prior to

photoirradiation. A 2.4-kJ/sq m light dose was split into 1.2 + 1.2 kJ/sq
m separated by intervals of 1 to 5, 7, 9, and 11 h at 37Â°C.Following the

second light exposure, the cultures were overlaid with fresh growth
medium and incubated for 7 to 10 days to form colonies.

In another series of experiments, the light dose was split into 1.2 kJ/
sq m plus graded, single light doses with an intervening incubation at
37CC for 9 h.

Photoirradiaiion Dose-Response Curves. To obtain photoirradiation

survival curves, single EJ cells were plated and allowed to attach onto
plastic culture dishes prior to experimental manipulation as described
above. Since in one case comparative survival results were sought (to
be more specific, survival following 12 h HPD uptake and 9 h in HPD-

free medium plus light was compared to survival after 12 h HPD and 18
h in HPD-free medium plus light) the cells were initially plated at different
times such that the average cellular multiplicities at the time of irradiation
were equal. The cellular multiplicities were measured with an inverted
phase-contrast microscope and were found to be always approximately

1.3 to 2.0.
The SF was calculated as

SF
No. of colonies

(No. of cells plated) (PE)

point/experiment. Photoirradiation dose-response curves were plotted

on semilogarithmic coordinates. Curve shoulders were fitted by eye.
Survival parameters Dq. D0, and n (see Table 1 legend for definition of
these terms), were calculated from the least-squares linear regression

analysis of survival data below the shoulder region.
Statistical Methods. [3H]HPD concentrations in unirradiated cells

were compared to concentrations in irradiated cultures after various
incubation times; survival following 12 h HPD uptake and 9 h wash-out

plus photoirradiation was compared to survival after 12 h HPD uptake
and 18 h wash-out plus photoirradiation. For these comparisons, hy
potheses of no difference were tested (at a = 0.05) by use of the Student

f test.

RESULTS

Uptake and Retention of [3H]HPD. In order to perform split-

dose experiments, it was necessary to utilize an in vitro HPD
incubation technique such that the porphyrin sensitizer mole
cules were not removed from inside the cells between the
fractionated light doses. For the studies reported here, exponen
tially growing EJ cells were incubated at 37Â°Cfor 12 h in medium
containing 5% FBS and HPD:[3H]HPD (50 ng/m\), after which

the medium was replaced with porphyrin-free medium supple
mented only with 5% FBS. This technique has been referred to
as porphyrin "wash-out" (3). As shown in Chart 1, the intracellular

porphyrin concentration was constant from 21 to 31 h (12h
uptake plus 9 to 19 h wash-out). This remaining intracellular
porphyrin has been referred to as the "nonexchangeable" por

phyrin component (3). It might be expected that the concentration
of HPD per g of protein decreases because of presumed synthe
sis and cell division over the 10-h interval (i.e., approximately 0.5

cell population doubling in control cultures). However, when HPD
is present in the cells under the conditions used here, some

I
5" 1.5-

I

O

where plating efficiency (PE) is the fraction of unirradiated cells producing
colonies (usually 49 Â±5%).

Each point on the survival curves was the average of at least 3
separate experiments performed on different days with 3 replicate plates/

Time at 37Â°CM

Chart 1. Time course for the uptake and release of HPD in EJ cells. Cells were
incubated at 37Â°Cin the presence of HPD:[3H]HPD (50 xg/ml) and 5% FBS (O). At
12 h, the medium was replaced with HPD-free medium supplemented with 5% FBS
("wash-out"), and cultures were reincubated (A). In some cases, after 21 h incu

bation (12h HPD uptake plus 9h wash-out), cultures were irradiated with red
(>580 nm) light (1.2 kJ/sq m) (â€¢)and reincubated. The light dose rate was 4 watts/
sq m. At the indicated times, the dishes were rinsed, cells were detached, and
tritium activity and protein concentration were determined. Bars, SO, based on
data from at least 3 separate experiments.
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division delay occurs (data not shown), and the actual average
cellular multiplicity during this interval was found to be approxi
mately 1 to 1.2. This contrasts with the report of Christensen ef
al. (5), in which no division delay was observed in cultured NHIK
3025 cells during incubation for 22 h in HPD.

In another series of experiments, cells incubated with HPD:[3H]

HPD for 12 h followed by 9 h wash-out were irradiated with red

light (1.2 kJ/sq m; identical to the initial light dose used in the
split-dose survival experiments, below) and then assayed for
tritium activity as a function of postirradiation incubation interval.
Although not statistically significant, there appeared to be a very
slow, steady release of intracellular [3H]HPD with postirradiation

time (Chart 1).
Survival Following HPD Plus Single Light Exposures. Chart

2 shows the survival response of EJ cells treated with HPD for
12 h plus 9 h wash-out prior to graded, single doses of red light.

It can be seen that the cells treated in this manner produced a
shouldered survival curve. No significant difference in survival
was found when cells were incubated with HPD for 12 h plus
18 h wash-out (versus 12 h HPD plus 9 h wash-out) prior to

photoirradiation (Chart 3). Survival curve parameters are listed
in Table 1.

Split-Dose Recovery. A dose of red light was delivered in 2
equal fractions to EJ cells containing nonexchangeable HPD.
The cells were kept at 37Â°Cin full growth medium in the dark

between the 2 irradiations. The total light dose was 2.4 kJ/sq m,
where 1.2 kJ/sq m plus 0 h at 37Â°Cplus 1.2 kJ/sq m reduced

the surviving fraction to about 0.01. Chart 2 (inset) shows the
surviving fraction of the irradiated cells against the interval be
tween irradiations. If recovery is complete, then the SF following

1.0

Light dose CkJ/sq.

0.96 1.92 2.88

o

1

1

0.1

0.01

Time between
doses Ch)

0 4 8 12

PE=49%

Chart 2. Colony-forming ability of EJ cells treated with HPD(50 Mg/ml)for 12 h
followed by 9 h in HPD-freemedium with 5% FBS prior to graded, single doses of
red light (A). Inset, cells pretreated with HPD as above irradiated with 2 equal
doses of 1.2 kJ/sq m separated by incubation at 37Â°Cin the dark (â€¢). ,
calculated theoretical survival corresponding to complete recovery from two 1.2-
kJ/sq m light doses, as described in the text. The light dose rate was 4 watts/sq
m. The plating efficiency (PE) of untreated cells or cells treated with HPD alone
was 49 Â±5%. Points, means of at least 3 experiments run on 3 separate days;
bars, SD.

2 x 1.2 kJ/sq m should be equal to the square of the SF for a
single 1.2-kJ/sq m light dose,

= (0.28)2 = 0.078 =

(Chart 2, dashed line). As seen in Chart 2, the surviving fraction
increased with increasing interval until it reached the theoretical
level of complete recovery at around 4 to 9 h.

Chart 3 shows a dose-response curve for fractionated pho-
toirradiation. An initial 1.2-kJ/sq m of red light was applied
immediately after 12 h HPD uptake plus 9 h wash-out. Following
a 9-h postirradiation interval at 37Â°Cin the dark, the cells were

given additional, graded irradiations. The split-dose irradiation

resulted in a partial regeneration of the survival curve shoulder
and a marked decrease in the curve slope in comparison to the
single-dose curve. The dashed line in Chart 3 represents the
theoretical survival curve if recovery is complete (11). Split- and
single-dose survival curve parameters are summarized in Table

1.

DISCUSSION

Single-dose survival curves (Charts 2 and 3) are similar to

those shown by Bellnier and Un (3) and others (2, 7,15,18) for
cultured mammalian cells treated with HPD plus visible light. In
general, the shapes of the response curves are dependent on
the intracellular porphyrin concentration (2, 15), the spectral
content of the irradiation source (1), and other factors such as

1.0

0.1

0.01

single

0.96 1.92 2.88

Light dose CkJ/sq. m)
Chart 3. Colony-forming ability of EJ cells treated with HPD and red light. For

"single" irradiations,attached, exponentiallygrowing cells were incubated at 37Â°C
in HPD (50 fig/ml) for 12 h and then incubated in HPD-freemedium supplemented
with 5% FBS for 9 h (A, from Chart 2) or 18 h (D) prior to light exposure. For
â€¢fractionated*irradiations, cells were pretreated with HPD for 12 h and then
incubated in HPD-freemedium for 9 h prior to exposure to 1.2 kJ/sq m. Following
an incubation interval of 9 h, the cells were reirradiated with graded, single light
doses (O). , calculated theoretical dose-response curve corresponding to
complete recoveryfrom nonlethalphotodamage,as described in the text. The dose
rate was 4 watts/sq m. The plating efficiency (PE)for HPD-treated, unirradiated
cells was 49 Â±5%. Results are expressed as the meansof at least 3 experiments;
SD (oars) for D and O only.
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Tablet
Survival curve parameters for EJ cells treated with HPD and single or fractionated

doses of broad-band red light

TreatmentHpD
+ 9 h wash-out + light *

HpD t 18 h wash-out + light
HpD + 9 h wash-out + 1.2 kj/sq m + 9 h

incubation at 37Â°C+ graded doses of light0D,'

(kJ/sq

m)0.41

0.42
0.82D,(kJ/sq

m)0.48

0.49
0.22n3.0

3.0
1.3

*0o. light dose required to reduce the surviving fraction to 37% (1/e) of the

former value; strictly speaking, the reciprocal of the slope of the straight portion of
the survival curve. 0â€ž,light dose at which the straight portion of the survival curve,
extrapolated backward, cuts the "light dose" axis drawn through a surviving fraction

of unity, n. extrapolation number, found when the straight portion of the survival
curve cuts the "surviving fraction" axis.

6 Cultures were incubated at 37Â°Cin McCoy's Medium 5A supplemented with

5% FBS and HPD (50 jug/ml). At 12 h, the medium was replaced with HPD-free
McCoy's medium containing 5% serum and incubated for 9 h ("HPD + 9 h wash
out") or18h("HPD + 18h wash-out") prior to photoirradiation.

0 Cultures were incubated with HPD (50 ,/g/ml) for 12 h followed by 9 h in HPD-

free medium containing 5% FBS. The cultures were then irradiated with a single
1.2-kJ/sq m dose of red light and reincubated at 37Â°Cfor 9 h in the dark. Following

this, the cells were irradiated with graded, single doses of red light and allowed to
form colonies for survival determination.

cell-sensitizer contact time (3). We have reported previously (3,
18) that addition of porphyrin-free, serum-rich medium to cultures

preincubated with HPD results in a rapid efflux of porphyrin from
the cells, but with some portion being retained almost indefinitely.
We have termed this technique "HPD uptake plus wash-out" and
the remaining cell-bound porphyrin the "nonexchangeable"

component. In the present study, EJ cells were pretreated with
HPD for 12 h and subsequently incubated at 37Â°Cin HPD-free

medium containing 5% FBS for 9 or 18 h. From Chart 1, it can
be seen that the levels of intracellular HPD were equivalent at
both these times. As a result, nearly identical shouldered re
sponse curves were seen (Chart 3) when EJ cells were irradiated
immediately after either of these protocols.

The existence of a shoulder on a survival curve shows that
smaller doses of radiation are proportionally less effective in
killing than are larger doses and that individual damaging events
must accumulate before proliferative capacity is lost. This type
of damage has been referred to as being sublethal (SLD). Re
covery from SLD is defined operationally as the reappearance of
the survival curve shoulder after a split-dose fractionated irradia
tion. The results in Chart 2 show that, when HPD-sensitized cells
were exposed to a 2-dose fractionation sequence, there was an

increase in survival when compared to a single light exposure;
further, the degree of survival depended on the time during which
the cells were maintained at 37Â°Cin the dark between irradia

tions. According to the report of Elkind and Whitmore (11), if
cells surviving the first exposure recover completely from sub-

lethal damage, then they should survive a second exposure
according to the initial survival data. Therefore, the surviving
fraction following 1.2 + 1.2 kJ/sq m, given full recovery between
light doses, would be 0.28 x 0.28 = 0.078. As seen in Chart 2

(inset), by about 4 to 9 h between doses, the level of survival
had maximized, corresponding to this theoretical level of com
plete recovery (Chart 2, dashed line). One explanation for the
observed survival increase would be the removal of the sensitizer
molecules from inside the cells between irradiations. This loss
would result in the cells becoming less sensitive to a second
light dose, and survival would be expected to increase. The
results reported here (Chart 1) suggest that intracellular HPD
levels are not significantly altered by the first light exposure plus

subsequent holding at 37Â°C.On the other hand, differences in

photosensitivity have been observed in cells containing equal
amounts of HPD, depending on culture conditions (3,18). Thus,
it seems plausible that photosensitivity might have changed
during the 9-h interval between doses, regardless of equivalent
intracellular porphyrin concentrations. However, single-dose sur
vival curves were identical after both 9 and 18 h in porphyrin-
free medium, and as such this explanation is not likely. Finally, it
is possible that a decrease in the phototoxic potential of the
sensitizer due to the initial light exposure plus subsequent incu
bation had occurred. However, as discussed above, the pre
dicted increase in survival corresponding to full recovery from
damage appears to be present, which argues against this expla
nation.

The survival curve for second, graded doses of radiation, given
full recovery of those cells surviving the first dose, should dem
onstrate a shape identical to that for the single-dose curve (11).

Our experiments, however, show a much shallower slope on the
second-dose curve than on the first-dose curve (Chart 3). This

indicates that the initial dose altered the population such that the
cells were less photosensitive. A similar effect has been reported
for a line of HeLa cells exposed to ionizing radiation (25). In that
study, exposure of HeLa S3 cells to a conditioning dose of X-
rays sufficient to reduce the surviving fraction to the exponential
region resulted in an increased value of D0for the surviving cells.
This increase in radioresistance has been interpreted as resulting
from an increase in the capacity of the cells to repair SLD (20).

Since the in vitro repair or recovery from ionizing radiation
damage sometimes predicts clinical results (specifically, the re
pair of SLD in vivo during multifractionation radiotherapy in
creases the dose required to sterilize a tumor when compared
to single-dose therapy), it is of interest to speculate about the

recovery phenomena reported here in relation to clinical PRT. In
particular, do normal tissue cells or tumor cells in vivo recover
from sublethal photodamage or develop increased photoresist-
ance after PRT? Studies of fractionated PRT treatments in
experimental animals are not numerous. Dougherty et al. (9)
noted that damage to both normal skin and transplanted mam
mary tumors in mice was significantly reduced with split-dose

photoirradiation. Clinical PRT studies in general have not included
treatment groups in which the light dose was fractionated.
Although inconclusive, Dougherty ef al. (10) showed in some
cases that multifractionation resulted in complete tumor re
sponse while normal overlying skin was less severely affected.
Whether the survival recovery of our cultured bladder tumor cells
would predict the response to clinical fractionated PRT is not
known. It is clear, however, that the recovery from HPD-sensi

tized photodamage must be extensively examined for many
normal tissues and tumors both in vitro and in vivo.
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